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ABSTRACT
Using an idealized set-up, we investigate the dynamical role of cosmic rays (CRs) in
the early stages of galactic outflows for galaxies of halo masses 108, 1011 and 1012 M.
The outflow is launched from a central region in the galactic disk where we consider
three different constant star formation rates (0.1, 1, and 10 M yr−1) over a dynamical
timescale of 50 Myr. We determine the temperature distribution of the gas and find
that CRs can reduce the temperature of the shocked gas, which is consistent with
previous results. However, we show that CRs do not have any noticeable effect on the
mass loading by the outflow. We find that CRs can reduce the size of the outflow,
which contradicts previous claims of efficient dynamical impact of CRs; however, it
is consistent with earlier theoretical models of cosmic ray driven blastwave as well as
stellar wind. We discuss the dependence of our results on CR injection prescriptions
and compare them with earlier studies. We conclude that in the early stages of galactic
outflows the dynamical role of CRs is not important.
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1 INTRODUCTION
Galaxies form as a consequence of gravitational collapse of
large gas clouds into dark matter halos. With the onset of
star formation, a substantial amount of gas is expelled from
the galaxies as the form of biconical outflow, as attested by
observations of starburst galaxies (see e.g., Veilleux et al.
2005 for review). These galactic scale outflows play an im-
portant role in the dynamical and chemical evolution of
galaxies. Theoretical studies that do not include such feed-
back mechanism overproduce the star formation rate (SFR)
and baryon fraction in galaxies. Outflows are therefore be-
lieved to regulate the star formation process, and conse-
quently influence galactic evolution. These outflows also en-
rich the inter-galactic matter with metals which mostly form
in the star forming regions. Although outflows are a crucial
aspect of galactic evolution, their driving mechanism and
modes of propagation are still poorly understood.
Thermal pressure due to shock heating of the inter-
stellar medium (ISM) by supernovae and stellar winds in
star formation sites have been the focus of most previous
studies (Efstathiou 2000; Girichidis et al. 2016; Martizzi
et al. 2016). Non-thermal pressure, such as pressure due
to radiation from young stars (Murray et al. 2005; Hop-
kins et al. 2012; Krumholz & Thompson 2012; Agertz et al.
? Email: ranita@rri.res.in
2013; Skinner & Ostriker 2015; Rosdahl et al. 2015) and/or
cosmic rays (CRs) (Ipavich 1975; Drury & Voelk 1981; Bre-
itschwerdt et al. 1991; Zirakashvili et al. 1996; Hanasz &
Lesch 2003; Samui et al. 2010; Recchia et al. 2016; Gupta
et al. 2018a) have also been suggested as important driv-
ing mechanism as thermal pressure. Preliminary analytical
works assumed ideal coupling between CRs and thermal
gas mediated by damped Alfve´n waves and without diffu-
sion. Ipavich (1975) considered a spherical outflow emanat-
ing from a point mass galaxy of 1011 M and found that CRs
escaping from a galaxy are able to carry thermal gas with
them and produce a galactic wind with mass loss rate 1–10
M yr−1. Breitschwerdt et al. (1991) improved this model
by considering a disk galaxy and a ‘mushroom’-type geome-
try of the outflow. Everett et al. (2008) used these ideas for a
possible outflow from Milky Way and reported that galactic
wind models incorporating thermal pressure as well as CR
pressure produce the best fit to the observed Galactic dif-
fuse soft X-ray emission. Recently, Samui et al. (2018) used
a spherically symmetric thin shell model to study the effect
of CR pressure on the dynamics of outflow. They suggested
that for the low mass galaxies where thermal pressure alone
cannot sustain a large scale galactic outflow (because of ra-
diative cooling, which peaks at ∼ 105 K), the inclusion of
CRs may drive a steady outflow.
In addition to analytical models, hydrodynamical (HD)
and magnetohydrodynamical (MHD) simulations have also
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been used. Uhlig et al. (2012) performed the first HD simula-
tions to investigate the effects of CR heating due to stream-
ing instability (see eg. Kulsrud & Pearce (1969) for review).
However, CR diffusion was not included in their simulations
and CRs were assumed to heat the gas above the disk scale
height, which can affect the outflow. For a better under-
standing, Booth et al. (2013) and Salem & Bryan (2014)
used a more realistic set-up by considering advection as well
as isotropic diffusion of cosmic rays seft-consistently. They
found that the large-scale pressure gradient established by
CR diffusion helps to drive the wind. Ruszkowski et al.
(2017) performed global three dimensional MHD simulation
of an isolated Milky Way sized galaxy to investigate the role
of two different CR transport mechanisms, namely stream-
ing and anisotropic diffusion. Similar to Booth et al. (2013)
they found that SFR is significantly decreased when CRs
are included in their simulations. They also found that in
the presence of moderately super-Alfvenic CR streaming,
the mass loading factor ranges between ∼ 0.25 to ∼ 0.6.
Recently, these models have been further improved by But-
sky & Quinn (2018) where CR streaming, isotropic and
anisotropic diffusion of cosmic rays have been investigated.
They reported that all three transport mechanisms result in
strong metal rich outflows which largely differ from the mod-
els without CRs in terms of the temperature and ionization
structure of circumgalactic medium (CGM).
The effects of CRs are primarily quantified using the
parameters such as mass loading factor and the presence of
multiphase gas in the outflow and in the CGM. The mass
loading factor (usually denoted by η), which is defined as the
ratio of gas outflow rate to the SFR, and is indicative of the
efficiency of outflows in ejecting mass from the host galaxy.
For example, Booth et al. (2013) found that η ∼ 0.5 in the
case of Milky Way-sized galaxies (virial mass of 1012 M),
with or without CRs, while in the case of low mass galaxies,
such as the Small Magellanic Cloud (SMC) (2 × 109 M),
it can be ∼ 10 with CR and ∼ 1 without CRs. A multi-
phase structure of galactic winds and the existence of cold
gas (T ∼ 104K) in the wind was noticed by Booth et al.
(2013), Salem & Bryan (2014) and Butsky & Quinn (2018).
This owes to the fact that while thermal pressure driven
winds are accelerated in the disk, the CR driven winds are
accelerated smoothly into the halo. The pressure gradient in
the halo is 3–10 times higher in the case of CR driven wind,
compared to pure thermal pressure driven wind. They have
shown that the CR-driven winds have a lower speed and sup-
port ‘cold’ gas, which the authors have used to explain the
existence of multiphase gas in the CGM. CR driven winds in
massive galaxies have been recently studied by Fujita & Mac
Low (2018), for a galaxy of mass 5× 1012 M, with a con-
tinuous mechanical power of 1043 erg s−1, that corresponds
to a SFR of ∼ 100–500 M yr−1. They found it is difficult
for CRs to drive a wind from massive galaxies, even with a
large SFR, and found that η . 0.006–0.03. In addition to
this, Jacob et al. (2018) performed simulations of galaxies
of mass range between 1010 and 1013 M and concluded
that mass loading factor drops rapidly with virial mass with
an approximate relation η ∼ Mαvir where α is between −1
and −2. This relation is slightly steeper than the previously
reported results. Their simulations also reveal that CRs can-
not drive a steady mass-loaded outflow if the virial mass of
the galaxy is more than 1012 M which supports the results
by Fujita & Mac Low (2018).
Most of the previous works, with the notable exception
of Fujita & Mac Low (2018), assume a feedback mechanism
by which the SFR is regulated, and the star formation ac-
tivity changes with time during the simulation runs. The
resulting effects of CR is therefore entangled with various
factors and it is not clear how (a) galactic mass, (b) star
formation rate, (c) CR injection sites and (d) different as-
sumptions of diffusion contribute towards the propagation
of outflows. It is no wonder that the results of these studies
have remained inconclusive.
In this paper, we study with the help of idealized simula-
tions, the outflow properties for three galactic masses (1012,
1011 and 108 M, hereafter M12, M11 and M8 respectively)
using constant star formation rates for ∼ few Myr. Our pri-
mary focus is to investigate the outflow dynamics in the
early stages (until 50 Myr) of galaxy evolution, where the
constant star formation rate is a reasonable assumption. For
the fiducial case, we also investigate long term evolution (un-
til 210 Myr) with time-dependent star formation rate, how-
ever, without including feedback from the outflowing gas on
the star formation. These assumptions allow us to distin-
guish the role of the individual physical process separately,
which can be extended in a more realistic scenario.
We find that although the presence of CRs increases the
cold gas mass in the outflow, the dynamical impact of CRs
is not important in the early stages of galaxy evolution. We
present our simulation set up and results in Sections 2 and
3. We discuss the results of our long-duration simulations
with periodic star formation in Section 4. Implications of our
work and comparisons with previous studies are discussed in
Section 5 and summarised in Section 6.
2 SIMULATION SET-UP
We solve the following two-fluid CR hydrodynamical equa-
tions using pluto code (Mignone et al. 2007; Gupta et al.
2019)
∂ρ
∂t
+∇ · (ρv) = Sρ (1)
∂(ρv)
∂t
+∇ · (ρv ⊗ v + ptI) + ρ∇Φt − ρv
2
φ
R
Rˆ = 0 (2)
∂
∂t
(ρv2/2 + eth + ecr) +∇ · [(ρv2/2+
eth + ecr + pt)v] = −qcool + Sth (3)
∂ecr
∂t
+∇ · (ecrv + Fcrdiff) = −pcr∇ · v + Scr (4)
Here ρ is the mass density and v is the velocity of the gas.
The total pressure, pt, is the sum of thermal pressure (pth)
and CR pressure (pcr). Here ρv
2/2 is the kinetic energy den-
sity, eth = pth/(γth − 1) is the thermal energy density and
ecr = pcr/(γcr−1) is the CR energy density , where γth = 5/3
and γcr = 4/3 are the adiabatic constants of the gas and CRs
respectively. The term v2φ/RRˆ in the momentum equation
represents the centrifugal force that acts on the gas due to
rotation of the disk. Φt is the total gravitational potential
(cf. Section 2.1). Sρ, Sth and Scr are the injected mass and
energy source terms. The term, qcool, denotes the energy lost
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due to radiative cooling of thermal gas. Fcrdiff represents the
flux term associated with isotropic CR diffusion.
2.1 Gravitational Potential
The total gravitational potential denoted by Φt in equations
2 is the superposition of gravitational potential exerted by
a stellar disk and dark matter halo. For the stellar disk, we
use the Miyamoto & Nagai potential (Miyamoto & Nagai
1975). In cylindrical coordinate (R, z), it is given by
Φdisk(R, z) = − GM
?
disk√
R2 + (a+
√
z2 + b2)2)
, (a, b > 0), (5)
Here R = r sin θ and z = r cos θ. M?disk is the mass of the
stellar disk. The two parameters a and b represent the scale
length and scale height of the disk respectively.
For the dark matter (DM) halo, we use a modified
Navarro-Frenk-White Model (Navarro et al. 1997). The po-
tential is given as
ΦDM = − GMvir√
R2 + z2 + d2
[
ln(1 +
√
R2 + z2 + d2/rs)
f(c)
]
(d > 0),
(6)
where f(c) = ln(1 + c) − c
(1+c)
with c = rvir/rs, the con-
centration parameter. Mvir is the total mass of the galaxy
(including DM) within virial radius (rvir). rs and d are the
scale radius and core radius of the DM distribution respec-
tively. These parameters are listed in Table 1.
2.2 Initial density and pressure distribution
The initial gas distribution in the galaxy is assumed to have
two components: (i) a warm ionized gas (few times 104 K)
in the disk and (ii) a hot gas (∼ Tvir). In order to set the
initial gas distribution, we use the steady state solution of
the Euler’s equation by solving
−∇p
ρ
−∇Φt + v
2
φ
R
Rˆ = 0 , (7)
for each component. The disk and halo gas mass distribu-
tions are found to be
ρd(R, z) = ρd0 exp
[− 1
a2sd
{
Φt(R, z)− Φt(0, 0)−
f2(Φt(R, 0)− Φt(0, 0))
}]
(8)
and
ρh(R, z) = ρh0 exp
[
− 1
a2
sh
{
Φt(R, z)− Φt(0, 0)
}]
(9)
respectively. Here ρd0 and ρh0 are the central density, and
asd and ash are isothermal sound speed of the warm disk
gas and hot halo gas respectively. The two components of
the thermal gas (i.e., the warm and hot ionized gas) in the
simulation have been treated as a single fluid. Therefore, the
total density of the thermal gas is given by ρ = ρd + ρh.
The term, f in Eq. 8 determines the centrifugal force
on the gas due to the rotation of stellar disk, i.e.,
vφ = f
[ρd
ρ
R
(∂Φt
∂R
)
z=0
]1/2
(10)
In the thermally driven outflow models, initially, total
Table 1. The values of parameters used in our simulations
Parameters Values Values Values
(Units) (M12) (M11) (M8)
Mvir (M) 1012 1011 108
M?disk (M) 5× 1010 5× 109 −−
Tvir (K) 3× 106 6× 105 104
Tdisk (K) 4× 104 2× 104 −−
rvir (kpc) 258 120 12
rs (kpc) 21.5 10.0 1.0
a (kpc) 4.0 2.0 −−
b (kpc) 0.4 0.2 −−
d (kpc) 6.0 2.0 1.0
c 12 12 12
f 0.95 0.9 −−
Zdisk (Z) 1.0 1.0 −−
Zhalo (Z) 0.1 0.1 0.1
ρd0 (mHcm
−3) 3.0 1.0 −−
ρh0 (mHcm
−3) 1.1× 10−3 1.5× 10−3 2× 10−4
pressure of the gas is the sum of pressure due to the disk gas
and the halo gas. In the models, where CRs are included,
assuming equipartition of energy in the disk, we divide the
total thermal pressure in the disk such that pth = 2 pcr. We
assume that initially halo gas has a very low CR pressure.
The set-up discussed above is similar to (Sarkar et al.
2015), except that here we have CRs as an additional fluid.
We find that for all model parameters listed in Table 1, the
gas distribution is reasonably stable until t 100 Myr. The
timescale we are interested in is much smaller than this. The
initial density and temperature profiles of the three cases are
shown in Figure 1.
2.3 Solver, grid distribution and boundary
We perform our simulations in 2D spherical geometry with
three velocity components. To solve the two-fluid hydrody-
namical equations, we use the HLL Riemann solver and take
piecewise linear spatial reconstruction for all variables. Time
has been evolved using Runge-Kutta 2nd order scheme. We
define the computational box from 0.01 kpc to 30 kpc in
the r direction and from 0.01 to pi/2 in the θ direction. In
the r direction, we take a uniform grid up to 110 pc (20 grid
points) and a logarithmic grid thereafter such that total grid
along r is 512. Along the θ direction, we take 256 uniform
grid distribution. For the extended run, we choose a larger
box (70 kpc) with 1024 grid points in the r direction. The
inner and outer boundaries for r are set to be outflow, and
for θ, both inner/outer boundaries are reflective.
2.4 Cooling
We have considered radiative cooling of the warm disk gas
and hot halo gas using the tabulated cooling function from
Sutherland & Dopita (1993). The dependence of cooling
functions on metallicity is taken into account using linear
interpolation of the cooling curves between two metallici-
ties. We have assumed that the metallicity of disk gas is
solar (Z = Z) and the halo gas metallicity is Z = 0.1Z.
MNRAS 000, 000–000 (0000)
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Figure 1. Initial density and temperature distributions for three galaxies with halo mass (from left) 1012M, 1011M and 108M
respectively. Density (blue) and temperature (red) profiles are shown along θ = 0 and θ = pi/2. For Mvir = 10
8M (rightmost panel),
the profiles are isotropic, because any disk in such a galaxy is expected to be very small compared to the outflow length scale of interest
and have not been considered in our simulation.
In the simulation, the disk gas rapidly loses its thermal
energy due to high metallicity and high density when cooling
is considered. However, in reality the disk gas is maintained
at ∼ 104 K by stellar radiation. Since we do not include
radiation in our simulation, we use a box size of R×z = 15×2
kpc2 for the 1012 M galaxy and a box size of R×z = 10×4
kpc2 for the 1011 M galaxy within which we do not allow
the disk gas (initially kept at a few times 104 K) to cool.
However, we allow the injected material to cool, but not
below a radiative cooling floor of 104 K. (see Appendix A
for details of this cooling constraint.)
2.5 Mass and energy injections
We assume that multiple supernovae explosions in the cen-
tral region of the galaxy give rise to continuous energy input
in the form of a constant mechanical luminosity. The central
region within which thermal energy is deposited is fixed by
the condition proposed by Sharma et al. (2014) so that the
cooling rate is smaller than the energy deposition rate. The
injection region is of radius, rinj = 30 pc in all our models.
We perform simulations with three different star formation
rates for each galaxy. For Salpeter IMF, assuming the lower
and upper limits of stellar mass as 0.1 and 100 M and be-
cause each supernova gives rise to ∼ 1051 erg energy, the
relation between mechanical luminosity and SFR (Salpeter
1955; Strickland & Heckman 2007) is given by
L = 7× 1040erg s−1
(
SFR
1Myr−1
)
(11)
On an average 10% of the SFR is the rate of mass injection
into the interstellar matter i.e. M˙inj = 0.1× SFR.
CRs are injected in the form of pressure wherever a
shock is detected (see Fig. 2) since shocks are the acceler-
ation sites for CRs. The following conditions (Gupta et al.
2018b) have been used to detect whether a particular region
within the simulation box is shocked or not
(i) ∇ · v < 0
(ii) ∆x|∇p|/p > δtolerance
(iii) ∇T.∇ρ > 0
For all our simulations we have used δtolerance = 0.5. Wher-
ever a shock is detected we redistribute the total pressure
between thermal and CR component following the CR pres-
sure component fraction w = pcr/(pth +pcr). In all our mod-
els we have used w = 0.2.
3 RESULTS
To understand the properties of outflowing gas between the
models with and without CRs, we investigate (i) the mor-
phology of the outflowing gas, (ii) outer shock position, (iii)
mass-loading factor, and (iv) temperature distribution of the
gas. These quantities have been used in previous studies to
quantify the dynamical impact of CRs. Here we present the
results from our simulations of three different galaxies with
halo masses Mvir = 10
8 , 1011 and 1012 M using three dif-
ferent constant star formation rates (SFRs)1: 0.1, 1 and 10
M yr−1. To represent runs with and without CRs, we have
used two different labels: ‘TH+CR’ and ‘TH’ respectively.
Note that we have used our simulation for M11 galaxy as
the fiducial run. The used parameters are given in Table 1.
3.1 Outflow morphology
In Fig. 2, 3 and 4, we show the morphology of outflowing
gas for three different halo masses for TH and TH+CR runs.
For all runs, we find that the shape of the outflow is nearly
spherical in nature. For M8, the shape is expected to be
more spherical because, in this case, the galactic disk is
much smaller than the outflow length scale and the disk
is not included in our simulation. For all cases, the forward
and reverse shocks are prominently distinguishable, except
for SFR =0.1 M yr−1 in M12 galaxy. In this case the out-
flow has an irregular shape and does not show a prominent
reverse shock; the locations of shocks are rather distributed
inside the bubble. This can be seen from the shock locations,
as displayed by green dots in the second rows of Figs. 2, 3
and 4.
For SFR = 0.1 M yr−1 (first column of Figs. 2, 3, and
4), a comparison of different snapshots among three halos
shows that for M12 galaxy, before the outflow breaks out of
the central region, an accoustic wave propagates from the
central region. This can be understood as follows.
In our set-up, CRs are initially confined in the galactic
disk and the halo has very low CR pressure. Due to the
pressure gradient, the CRs start to diffuse out of the disk and
give rise to the acoustic wave. This feature is not prominent
for SFR = 1 and 10 M yr−1 because the velocity of the
1 It is to be noted that for 108 M galaxy, SFRs 0.1 and 1 M
yr−1 are considered since 10 M yr−1 is unlikely in such a small
galaxy.
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Figure 2. Comparison of density and thermal pressure between TH and TH+CR runs for M12 galaxy at ≈ 20 Myr simulation time.
The three set of plots (from left) are for SFR = 0.1, 1 and 10 M yr−1. We also show the CR pressure in a separate plot. Green dots
show the shock locations. In the TH+CR runs, these are the locations where CR energy is injected.
Figure 3. Same as Fig. 2, for Mvir = 10
11M
MNRAS 000, 000–000 (0000)
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Figure 4. Same as Fig. 2, for Mvir = 10
8M
outflow is greater than this acoustic wave generated due to
diffusion of CRs, hence the outflow overtakes it. In other
words, such waves can be noticed if the diffusion timescale
is smaller than the dynamical timescale of the outflowing
gas. The diffusion time scale to reach the disk scale height
b is given by
τdiff,CR ≈ b
2
6Dcr
∼ 1 Myr
( b
0.4 kpc
)2
D−1cr,28 (12)
where Dcr = 10
28Dcr,28 cm
2 s−1 is the diffusion coefficient.
In case of M11 this acoustic wave initiated by diffusion is
not visible because M11 has a puffed up disk compared to
M12 (due to the weaker gravity and less steep temperature
gradient from the disk to the halo, see Fig. A1 in Appendix
A). Therefore, in this case the acoustic wave is initiated at
a later time (due to longer diffusion timescale of CRs) and
by that time, it is overtaken by the outflow.
3.2 Outer shock position
We show the positions of the forward shocks2 at θ = 20◦ for
three different halo masses in Fig. 5. In all panels, purple
dots represent TH runs and green dots represent TH+CR
runs. The positions of the forward shocks for M12 galaxy
with low SFRs are difficult to determine, since they do not
have a distinct shock structure w.r.t. CGM gas. From the
figure, it can be noticed that for higher SFRs, the forward
2 One can also choose θ = 0◦ to show the positions of the forward
shocks, however we notice that it may show some artifacts due to
boundary effects.
shock distance is decreased by the inclusion of CRs (green
dots are located below purple dots). The reasons are illus-
trated as follows:
Injections of CRs at the shocks develop non-thermal
pressure in the downstream region, namely, the shocked-
wind and the shocked-CGM gas. The effective adiabatic in-
dex γ of the composite gas in these regions is determined by
the CR injection fraction at the shock. For a non-zero w, the
effective γ is reduced from 5/3 to (5+3w)/[3(1+w)] (Cheva-
lier 1983). Consider two extreme cases, of same amount of
energy being either channeled to thermal gas or to CRs.
From energy conservation, we then have 3 pcrVcr =
3
2
pthVth,
where V denotes volume, with subscripts referring to ei-
ther the case of CR or thermal gas. The pressure in the
shocked region is a certain fraction of the ram pressure
(ρambientv
2
shock), and at a given time, they are nearly same
(Weaver et al. 1977) in two cases. Therefore Vcr < Vth. In
other words, the volume occupied by shocked gas is expected
to be smaller if the gas is mostly dominated by CRs. Pre-
vious studies (for eg. Pfrommer et al. (2017), see Fig. 3,
top right corner) that investigated blastwave with CR shock
acceleration through 3D simulations also reported similar
results. This effect is enhanced by CR diffusion. Diffusion
causes the leakage of CR energy from the bubble, which fur-
ther reduces the size of bubble.3 This is why the outer shock
distance is decreased in the case of TH+CR.
3 The reduced value of effective γ, and the loss of energy through
CR diffusion (as in the case of radiation loss) also implies a slightly
higher density jump behind the shock, which we have confirmed
from our simulation (see for e.g., Fig. 2 in Gupta et al. 2018a).
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Figure 5. Position of forward shock detected at θ = 20◦ for M12, M11 and M8 galaxy for star formation rate 0.1, 1 and 10 M yr−1.
The purple dots are for TH run and the green dots are for TH+CR run with diffusion coefficient, Dcr = 1028cm2s−1. It is clear that
the shock traverses a shorter distance when CR is included since a fraction of the energy within the bubble (region within outer shock)
escapes due to CR diffusion.
We further elaborate upon these issues in Section 4.2.
We show that, in the case of with-CRs no-diffusion run, the
outer shock position is slightly smaller than without CR
runs. When diffusion is turned on, the difference becomes
much larger and the outer shock travels to a shorter dis-
tance. In Fig. 6, we have shown the total energy (Et) within
the bubble (i.e., within forward shock) as a function of time.
In case of TH+CR runs the total energy includes the ther-
mal as well as CR energy, i.e. Et = Eth + Ecr and we have
shown these two components separately. Fig. 6 shows that in
case of TH+CR run, for most of the cases, CR energy is less
than the thermal energy and it is expected since our injec-
tion prescription assumes w = pcr/(pth +pcr) = 0.2 (i.e., CR
energy density fraction ecr/(eth + ecr) = 2w/(1 +w) = 1/3).
Comparison of total energy (purple curves) between TH and
TH+CR runs shows that at early epochs total energy is
slightly lower in the case of TH+CR runs, because of CR dif-
fusion. However, this difference decreases as bubbles become
larger, because CR diffusion is less effective at larger dis-
tances (due to the increase in CR diffusion timescale, which
is ∝ (distance)2, see e.g. Eq.12).
For M12 galaxy, SFR = 0.1 M yr−1, total energy
within the bubble is larger in the TH+CR run compared
to the purely thermal run because, here, the forward shock
is detected at the position of the acoustic wave. As a result,
thermal energy contribution from the CGM is also included
in this analysis.
For M8 galaxy and SFR = 0.1 M yr−1, we notice that
the CR energy within the bubble increases with time and
after a certain time (≈ 20 Myr) it becomes larger than the
thermal energy, resulting in an increase of total energy in
TH+CR run compared to TH run (purple solid curve above
the dashed curve). This is an artifact of boundary effect near
the pole for this case, as can be seen in the left column of
Fig. 4.
3.3 Mass loading factor
Mass loading factor (η) is defined as the ratio of the mass
outflow rate through a given surface to the SFR at a given
epoch. Despite a simple definition, there is disparity between
the way mass loading factor is determined in simulations and
in observations. One main difference is in the definition of
the surface area through which mass outflow rate is calcu-
lated. For example, Booth et al. (2013) defined the surface
as a plane at 20 kpc above the disk and Jacob et al. (2018)
used a cylinder of different radii and of height reaching up to
the virial radius. However, observers define the mass outflow
rate as ≈ ΩN r vmp, where Ω signifies the total solid angle
considered, N is the column density of material along the
line of sight, r is a characteristic distance of the location of
most of the outflowing material and v is the outflow speed
(Heckman et al. 2015). Such differences make it difficult to
interpret the results.
In order to compare our results with previous works,
we use two different definitions of mass loading factor, as
described below.
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Figure 6. Total energy within the bubble (region within outer shock) is plotted for the TH (dotted purple lines) and TH+CR runs (solid
purple lines) for all the cases. The green and blue solid lines show the thermal and relativistic component respectively in each TH+CR
run. Comparing the dashed and solid purple lines we notice that, in most of the cases, the total energy within the bubble becomes slightly
less when CRs are included, because CR energy leaks out due to diffusion.
3.3.1 Outflow rate across a plane
In this case, we estimate the mass outflow rate through a
plane parallel to the galactic disk. To calculate the mass
loading factor from our simulation, we define three planes at
distances z = 2 , 4 and 10 kpc above and below the galactic
disk of radius4 Rp = 15 kpc for M11 and M12, and Rp = 5
kpc for M8. The mass loading factor η has been calculated
using,
η ≡ M˙load
SFR
= 2×
[∫ Rp
R=0
zˆ · dA ρ vz
]
SFR
, (13)
where dA = zˆ 2piRdR is a differential area element in the
plane and vz is the vertical component of gas velocity. The
factor 2 takes into account the contributions in mass flux
both above and below the galactic disk.
We show the mass loading factor (η) as a function of
time for three different galaxies in Fig. 7 by red curves (solid:
TH+CR run, dashed: TH run). The curves show that, in
the early epochs, η rises to a peak value and thereafter it
becomes small. In some cases, it also shows negative values
4 We have checked that the choice of radius (Rp) does not affect
the calculations as long as the extent of the outflowging gas does
not exceed this radius. For M8, this constraint restricts our anal-
ysis to an epoch beyond which the outflow becomes larger than
5 kpc.
because of infalling gas. The peak(s) in the evolution of η
is due to the crossing of the swept-up dense shocked gas
near the contact discontinuity. After this epoch, the value of
η ∼ 0.1, which comes from the gas in the free wind region.
In this region, the mass loading factor is ≈ M˙inj/SFR ' 0.1
because we have taken M˙inj as 10% of the SFR
5.
Comparing the solid (TH+CR) and dashed (TH) lines,
we find no significant difference in the magnitude of η in case
of SFR = 1 and 10M yr−1. For M12 galaxy, SFR = 0.1M
yr−1, the time variation of η has a distinct feature for the
run with CR, displaying a peak that propagates with time
to higher z. This is the signature of the acoustic disturbance
already described in the Section 3.1.
3.3.2 Outflow across a spherical surface
Next, we estimate the mass outflow rate through a spherical
surface of radius r centered at r = 0 as,
η ≡ M˙load
SFR
=
4pir2
SFR
∫ pi/2
0
ρvr sin θ dθ (14)
5 We can also analytically estimate the mass loading factor
from the self-similar solution, calculating the contribution of the
shocked gas (shell) and free wind separately (see Appendix D).
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Figure 7. Time evolution of mass loading factor (η), calculated
in two different ways, are shown for all the cases. The first method
(red lines) involves the calculation of mass outflow rate through
planes at a height of 2, 4 and 10 kpc from the galactic disk and
the second method (blue lines) involves the calculation of mass
outflow rate through spherical surfaces at radius 2, 4 and 10 kpc
from the center. In each case, the dashed line is for TH runs and
the solid lines are for TH+CR runs. We see no significant dif-
ference between the dashed and solid lines. Galaxies with higher
mass and lower SFR has more negative values of η owing to the
infall of gas due to gravity.
where vr is the radial component of the gas velocity. We
show the mass loading factor as a function of time for dif-
ferent galaxies with blue lines (solid: TH+CR run, dashed:
TH run, as used earlier) in Fig. 7.
The curves show that the evolution of mass loading fac-
tors qualitatively remains similar to the planar case (Section
3.3.1). However the peak value in this case is larger than that
in the previous case. Since the morphology of the outflowing
gas is spherical, considering a spherical surface results in a
larger mass outflow rate.
We note that mass loading factor is prominently neg-
ative for M12 and SFR =0.1 M yr−1, for z =2 kpc and
r = 2 kpc. One can understand this by considering two rele-
vant speeds, namely, the outflow speed and the escape speed.
The outflow speed is roughly 100 km s−1, compared to the
circular speed of 150 km s−1 of such a galaxy and also the
escape speed of the dark matter halo (Fig. 2 of Sharma &
Nath 2012). This results in the infall of cold gas clumps pro-
duced in the shocked gas layer, producing negative values of
η. In other words, galaxies with higher mass and lower SFR
are likely to exhibit negative values of η. Fig. 7 also shows
negative values in some other cases at later times, which es-
sentially comes from the infall of cold clumps produced near
the base of the outflow for the Kelvin-Helmholtz instability
due to shear.
We notice in Fig. 7 that η tends to decrease with in-
creasing SFR, except in the high-mass galaxy low-SFR cases,
where η often becomes negative due to the effect of stronger
gravity. This effect is most prominent for M8 galaxy where
gravity effects are the least. From the analytical solution
by Weaver et al. (1977), the position (r) of the outflow at
time (t) is estimated as r ∝ (Lt3/ρ)1/5 where L is the lu-
minosity of the source and ρ is the density of ambient gas.
Hence the velocity (v) of the outflow when it is at distance
r is v ∝ (L/ρ)1/3r−2/3. The mass outflow rate (M˙out) at r
would be proportional to the mass swept up by the outflow
(∝ r3ρ, does not change with L ) and the outflow velocity v.
Hence η = (M˙out/SFR) ∝ L−2/3 or η ∝ SFR−2/3 since SFR
is proportional to the source luminosity. The peaks in Fig.
7 for M8 galaxy is consistent with this expected scaling.
3.4 Temperature distributions
It has been claimed in previous studies that the shocked gas
in a CR driven outflow is at a lower temperature compared
to a purely thermally driven outflow. Fig. 8 shows that for
the fiducial case, our simulation results are in accordance
with this findings. The temperature of the shocked gas at
the outer shock is ∼ 1.7 times lower in TH+CR run.
To undestand the role of CRs in multiphase structure
of the outflow the temperature distribution of gas has been
used in different studies. We study the time evolution of the
total mass content in five temperature bins. The tempera-
ture bins represent different phases of the gas:
• very cold (T < 104 K)
• cold (104 K < T < 105 K)
• warm (105 K< T < 106 K)
• hot (106 K < T < 107 K)
• very hot (T > 107 K)
The time evolution of the total mass in each tempera-
ture bin is shown in Fig. 9. The curves show that the simu-
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lated galaxies M12 and M11 initially have almost negligible
gas content in very cold (T < 104 K) and very hot (T > 107
K) range. However, the gas mass in these two phases grad-
ually grow with time. The increase in very cold gas content
suggests cooling due to adiabatic expansion of gas, whereas
the increase in very hot gas content suggests the increase
of mass content in the shocked wind region with time. For
M12, the halo gas temperature is 3 × 106 K and for M11
it is 6 × 105 K, and so the gas mass in these bins for the
respective galaxies remains almost constant since the max-
imum contribution in these ranges come from the halo gas.
In both M12 and M11, the cold (104K< T < 105K) gas con-
tent decreases gradually with time which suggests the mass
loss from the disk due to outflow. For M8, since all the gas is
initially at 104 K, the gas mass in all phases increases with
time as expected, except the very cold (T < 104 K) gas.
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Figure 10. The 2-D probability distribution of gas mass fraction
(normalized to total mass in the simulation box) within speci-
fied density and temperature bins at ≈ 20 Myr for M11 and M8
galaxy. The left most columns for each panel show the initial mass
probability distribution. This figure suggests enhanced cooling of
shocked gas when CRs are included, as indicated by the portions
with T 6 104 K in TH+CR runs compared to TH runs.
Comparing the results for runs with and without CRs,
we find that the amount of very hot (> 107 K) gas in
TH+CR runs is 2–4 times lower compared to TH runs in
both M12 and M11. This is expected from the consideration
that a fraction of the total energy in shocked gas is im-
parted to CRs, thereby reducing the thermal energy density
there, consequently reducing the temperature. This has been
known since the calculations by Chevalier (1983) for blast
and driven waves with cosmic rays, where it was shown that
the temperature of the hot gas behind the shock is reduced
in the presence of CRs (see also Gupta et al. 2018a). Since
a reduction of temperature increases the radiative cooling
rate in this temperature range, the presence of CRs also in-
creases cooling and the amount of cold gas. This is borne
out by the fact that in our simulation, the amount of very
cold (T < 104 K) gas in TH+CR runs is 2–5 times higher
than runs without CRs. This finding of increase of cold gas
in the presence of CRs is consistent with previous studies.
To get a better idea of the multiphase structure of the
outflow, we show a 2-D probability distribution of gas mass
in the simulation box within specified density and temper-
ature bins [∆log10(T/K) = 0.1 and ∆log10(ρ/mH cm
−3) =
0.1] at ≈ 20 Myr in Fig. 10. Gas mass in each density and
temperature bin has been normalized by the total gas mass
within the simulation box. In the initial distribution of M11
galaxy, the bright spot in the low density and high temper-
ature (∼ 106 K) region represents the hot and tenuous halo
gas. The high density and low temperature (∼ 104 K) re-
gion is the signature of the dense and cold disk gas. The
gas that falls between these two regions follow a straight
line with negative slope (≈ −0.8) in the ρ − T diagram.
This negative slope which approximately follows the power
law, T ∝ ρ−1 indicates that the initial density distribution
is in pressure equilibrium6, as expected for a stable galaxy
set-up. For M8 galaxy, such a region is absent in the initial
distribution since there does not exist a wide distribution
of density as well as temperature. Most of the halo gas has
density ∼ 10−4mHcm−3 and temperature ∼ 104 K.
At a later time, at ≈ 20 Myr, a fraction of the CGM
(halo) gas reaches higher temperature and lower density
compared to their initial states, arising from the shocked
wind region of the outflow. Another feature to be noticed is
that an amount of gas is accumulated towards the bottom
right corner of the diagram, i.e., at a high density and low
temperature region. This is the shocked gas near the weak
outer shock in the disk.
For SFR = 1 and 10 M yr−1, another interesting as-
pect is that, for M11 galaxy, there is an accumulation of gas
that shows up along a straight line with positive slope in
the ρ−T diagram. This line is a characteristic of adiabatic
expansion in the free wind region of the outflow. We do not
see this feature for SFR = 0.1 M yr−1 because the wind
is not powerful enough and as a result, the outflow may not
have a distinct free wind region, as previously shown in Fig.
3. However, for M8 galaxy this feature is noticeable even for
low SFR because in this case, outflow is strong enough due
to weaker gravity of the halo and the absence of a thick disk
compared to M11 .
Comparing the results for TH and TH+CR runs for
M11, we find that the temperature of the shocked disk gas
(right bottom corner) is lower by a factor ∼ 2. These re-
sults are also valid for M12, albeit these effects are more
prominent for M11 galaxy.
4 EFFECT OF LONG DURATION OUTFLOW
EVOLUTION
In previous sections, we have presented results by focusing
on first ∼ 50 Myr of galactic outflows. We would like to
emphasize that our idealized simulation in which the star
formation is not coupled to any feedback processes is a con-
trolled experiment, and the aim is to determine the role of
CRs by comparing our findings with previously published
results. In order to understand the long term evolution, we
extend the simulation of our fiducial galaxy (M11) until 210
Myr. Since, SFR cannot be kept constant for such a long
duration, we consider a period of star formation events with
the period being 30 Myr. In other words, star formation is
kept uniform between 0–30, 60–90, 120–150, 180–210 Myr,
and it is switched off in the intermediate periods. As an al-
ternative to using two different free parameters, we assume
the period of star formation and the quiescent period both
to be 30 Myr, being motivated by Booth et al. (2013). This
6 The slope is not exactly -1 since gravitational force is also in-
cluded in setting up the initial hydrostatic equilibrium.
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Figure 11. Time averaged mass outflow rate, 〈M˙out〉, as a func-
tion of distance for with (solid curves) and without (dashed
curves) CR runs. Three colours denote the epoch up to which
the time average is done (see Eqn. 15 ). Figure shows that with
and without CR runs give a similar evolution of 〈M˙out〉.
allows us to study the structure and evolution of sequen-
tial outflows triggered by periods of star formation, which
produces numerous shocks.
We find that each star formation event gives rise to a
shock structure. The subsequent shocks produced after the
first event of star formation, travel faster than the previous
shocks since they travel in a comparatively rarefied medium.
It can be observed that after sufficient amount of time, the
subsequent shocks catch up with the first shock produced.
This phenomenon has been previously noticed by Tang &
Wang (2005). However, as found in the short duration runs,
here also we find that the shocks travel to a shorter distance
in the presence of CRs.
4.1 Mass loading in the long term evolution
To study the mass loading in the long-duration simulation
with periodic star formation, we calculate the time averaged
mass outflow rate instead of the previously used mass load-
ing factor. At a particular time (say, Tdy) we show the time
averaged mass outflow rate through each spherical surface
of radius r,
〈M˙out(r)〉 = 1
Tdy
∫ Tdy
0
M˙out(r, t) dt
=
4pir2
Tdy
∫ Tdy
0
∫ pi/2
0
ρvr sinθ dθ dt (15)
in Fig.11. The figure shows that the mass loading gradually
increases with time as the outflow progresses outwards and
accumulates more mass. After the outflow crosses the region
where most of the mass resides within that timecale, the
mass outflow rate starts to decline and gradually approaches
zero. At large radii, the negative values of mass loading is a
numerical artifact, which arises because of the logarithmic
grid that makes the radial width of the computational cells
large near the outer boundary. We have confirmed that this
artifact can be reduced by extending box size, and it does
not affect our results.
Comparing the dashed (TH) and solid (TH+CR) curves
of Fig.11 we note that mass loading is almost independent
of whether the outflow is driven by purely thermal gas or a
composition of thermal and CR gas. However, we notice that
〈M˙out(r)〉 has a sharper peak when CRs are considered and
at later time, 100 Myr onwards, the peak is slightly higher
(∼ 1.3 times) compared to TH case. This analysis justifies
our previous results on mass loading and it verifies that the
findings are robust as they are also valid in case of multiple
star formation episodes in a longer time-scale.
4.2 Nature of cold clumps and the role of CR
feedback
The long duration simulation with periods of star forma-
tion allows us to study the formation of cold clumps due
to thermal instability in the presence or absence of CRs.
This investigation leads to an important insight to the basic
role of CRs in galactic outflows. It has been reported (e.g,
Booth et al. 2013; Dashyan & Dubois 2020) that the pres-
ence of CRs can produce a greater feedback effect, which has
been shown through an increase in the mass loading factor
and a suppression of SFR. As we have found that for time-
independent SFR, the mass loading does not show a signif-
icant difference between TH and TH+CR runs, we need to
study the formation of cold clumps in these two cases. The
formation of high density and low temperature gas clumps
and their infall on the galactic disk can increase the SFR of
the galaxy and thereby can decrease the efficiency of feed-
back.
To illustrate this, we show the snapshot of density and
temperature distribution at 156.5 Myr in Figure 12, which
refers to an epoch of 6.5 Myr after the most recent burst of
star formation is over (at 150 Myr). It is seen that numer-
ous cold clumps (with temperature ∼ 104 K) are formed in
the TH run, while they are absent in TH+CR run. We can
understand the inhibition of clump formation by CRs in the
following way. The minimum size of cold clumps is given by
cstcool (McCourt et al. 2018), where cs is the sound speed
and tcool is the cooling time of the cold gas. If we consider
the cooling time of the ambient gas, this will lead to a larger
size, but here we are more interested in the lower limit. On
the other hand, while the gas cools, the diffusion of CRs tries
to wash out perturbation unless it is larger than >
√
6Dt,
where t corresponds to tcool. This is similar to the damping
of small perturbation by the streaming of hot dark matter
in cosmological context. Therefore the formation and growth
of cold clumps requires cstcool >
√
6Dtcool. This leads to a
lower limit on the cooling time scale
tcool >
6Dcr
c2s
. (16)
Using Dcr ∼ 1028 cm2 s−1 and the sound speed of a 106
K gas (cs ∼ 107 cm s−1), this gives a lower limit of ∼ 20
Myr on the cooling time scale. For a 106 K gas with solar
metallicity, the cooling rate is ΛN ≈ 10−22 erg cm3 s−1, and
a cooling time scale of 20 Myr implies an upper limit on
the clump density 6 1.5kBT/Λtcool = 3 × 10−3 cm−3. The
basic point is that in the presence of CR diffusion, clumps
can only form with very low density, and they may not have
high density contrast with surroundings. Since the period
between two bursts of star formation here is 30 Myr, if clouds
take a long (> 20 Myr) time to form, then they are likely
to be crushed and evaporated by the next outgoing shock,
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  Figure 12. Density and temperature distribution of M11 galaxy at 156.5 Myr in the long duration simulation with periodic star formation.
The outer shock produced in the first star formation event evolve independently, however the shocks produced in the subsequent star
formation events travel in a comparatively rarefied medium and can catch up with the first shock. In the zoomed in version (shown
on the right) of the density and temperature distribution one can see more high density and low temperature gas clumps in TH case
compared to the TH+CR run. (for details, see Section 4.2)
instead of raining down on the galaxy. The inhibition of
thermal instability in the presence of CR is therefore a likely
explanation of the greater feedback effect of CR found in
previous works.
In addition to the above effect, we notice that the shape
of the free wind region of outflow changes due to diffusion.
Left panel of Fig.12 shows that the shape of the free wind is
more elongated along z direction when the outflow is driven
by purely thermal gas. The morphology becomes more flat-
tened or squashed when the effect of CRs is included and
the difference is a result of CR diffusion as can also be seen
from Fig.15. As a result, in TH runs, the contact disconti-
nuity (CD) remains near the free wind region and the wind
created by the subsequent star formation episodes hits the
CD and it breaks into high density gas clumps. However,
due to the flattened nature of the free wind region in CR
runs, the CD cannot be hit directly by the wind produced
later. Taken all together, it is evident that the CR diffu-
sion inhibits the clump formation either by washing out the
small perturbations or by changing the morphology of the
outflow. We therefore suggest that suppression of cloud for-
mation due to CRs can reduce the SFR.
5 DISCUSSION AND CONCLUSIONS
With the help of our results from idealized simulations of
galaxies of three different halo masses and three different
SFRs we have shown that there is no significant effect of
CRs in the dynamics of galactic outflow, but it alters the
temperature distribution of gas. Here we explore the impact
of the parameters we have used and compare the results with
previous works.
5.1 Comparison with previous works
We find that there is no significant difference in the time evo-
lution of mass loading factor between runs with and with-
out CR in all cases. This is in agreement with Fujita & Mac
Low (2018), who considered a galaxy of mass 5 × 1012 M
(although their mass outflow rate includes all mass moving
upward with vz,min = 10 km s
−1). However our result is
in partial agreement with Booth et al. (2013), who did not
find any significant difference in mass loading factor after
the inclusion of CR in Milky Way-sized galaxy, but found a
ten-fold increase for a SMC-type (with mass 2 × 109 M)
galaxy. It is, however, not easy to trace the reason for the dif-
ference, because the halo gas temperature and density used
by them are not mentioned.
One result that is similar to Booth et al. (2013), Salem
& Bryan (2014) and Butsky & Quinn (2018) is that we find
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Table 2. Comparison of a few recent studies
Some recent
results
Simulation
time (tsim)
Halo properties SFR Mass loading factor (η) with CR Effect on SFR by CR
Booth
et al.
(2013)
500 Myr
Mhalo = 10
12 &109M
TCGM = NM
?
nCGM = NM
discrete??
For MW, η ∼ 0.5 for both
feedback model. For SMC, η is
10 times higher for CR feedback
For both MW & SMC
SFR is more suppressed
by CR feedback
Fujita &
Mac
Low (2018)
2.2 Myr
Mhalo = 5× 1012M
TCGM = NM
nCGM = NM
continuous
CR pressure initially loads
about twice as much mass
as thermal pressure alone at
blowout, but the mass loading
becomes similar afterwards
feedback is not
coupled to SFR,
no effect
on SFR
Butsky &
Quinn (2018)
13 Gyr
Mhalo = 10
12 M
TCGM = NM
nCGM = NM
discrete
CR pressure support lifts
thermal gas higher out of
the gravitational potential
well; no comment on η
higher value of
pcr/pth implies more
suppression of SFR
by CR feedback
Samui
et al.
(2018)
10 Gyr
Mhalo = 10
8−−11 M
TCGM = Tvir
nCGM = follows a
beta model
analytical
η = 33 for M8
& η = 0.7 for M11
(assumed)
uses a SF model
dependent on
assumed values of η
Jacob
et al.
(2018)
6 Gyr
Mhalo = 10
10−−13 M
TCGM = NM
nCGM = NM
discrete η ∝M−1vir −M−2vir
no comparison
with thermal
Dashyan &
Dubois (2020)
250 Myr
Mhalo = 10
10&1011 M
TCGM = 10
6 K
nCGM = 10
−6 cm−3
discrete
Iso diffusion of CR
increases mass
loading
reduced by a
factor of 2
Hopkins
et al.
(2020)
14 Gyr
Mhalo = 10
9−−12 M
TCGM = NM
nCGM = NM
discrete
volume filling factor
of outflow increases,
however, the rate
of outflow is similar
near the disk
suppressed 4
times than
thermal where CR
pressure dominate
Our Model
50 Myr,
210Myr (for
fiducial case)
Mhalo = 10
8, 1011, 1012M
TCGM = Tvir
nCGM = 10
−3 − 10−4 cm−3
continuous similar as thermal
feedback is not
coupled to SFR,
no effect on SFR
? NM = Not Mentioned
?? For details see section 5.2
the multiphase structure of the outflow in both the TH and
TH+CR runs, however the amount of very cold gas (T < 104
K) is more in the models where CRs are included. We have
traced the reason of this phenomenon to the reduction of
gas temperature in the case of CR, which enhances cooling
rate for T < 107 K.
Our results, however, contradict the analytical results
by Samui et al. (2018). They suggested that galactic winds
driven by CRs travel a larger distance compared to ther-
mally driven winds in massive galaxies. They reported that
in a galaxy of mass ∼ 108M, a steady outflow is possible
only with the inclusion of CR since they lose less energy
due to adiabatic expansion because of the softer equation of
state. However, even in the analytical calculation of blast-
waves in the presence of CRs by Chevalier (1983), it was
shown that shocks propagate to shorter distances compared
to the case of purely thermal gas. Our results are consistent
with these theoretical expectations. In Table 2 we summarise
the differences among some previous works.
5.2 Dependence on the choice of SFR
There is a basic difference in the way star formation is im-
plemented in our work and most of the previous works. We
assumed that star forms continuously in the galactic disk,
for the first few Myr with a time-independent SFR, whereas
others assume that stars form discretely whenever a grid
point in their simulation reaches a critical density. Such a
grid point is then called a ‘star particle’. Each star particle
represents an ensemble of stars which follow an initial mass
function (IMF). Depending on the IMF, in a given time du-
ration ∆t, there will be a number of SNe. For each SNe,
they inject 1051 erg of energy and thereafter, the density of
the grid point is updated accordingly. It can be understood
that for the same IMF, a continuous SFR will inject more
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Figure 13. The 2-D density plot for the fiducial case (M11, SFR
= 1 M yr−1) at ≈ 20 Myr are shown for different CR injec-
tion schemes. In the fiducial TH+CR case, CRs are injected as
pressure at the shock fronts (shock injection). CRs can also be
injected at the centre of the thermal injection region (central in-
jection) or as a combination of both shock and central injection.
We see that the dynamical effect of the CRs is to shrink the outer
shock in a more pronounced manner when CRs are included at
the shock fronts.
momentum into the ISM compared to a method where star
formation happens discretely in some cells.
In the case of discrete star formation in dense grid
points, SFR at a given time is dependent on the SFR at
earlier time, which means there is a feedback channel which
couples with the SFR. All previous works except Fujita &
Mac Low (2018) used discrete star formation with feedback
and found that outflows with CRs are more effective for
increasing mass loading and suppressing SFR compared to
purely thermal outflow. On the other hand we find that CRs
do not have any significant effect on the dynamics of the out-
flowing gas and our result matches with Fujita & Mac Low
(2018). This contrast suggests that the result is dependent
on the choice of how SFR is implemented in the setup which
lead us to the discussion in section 4.2.
5.3 Choice of CR injection region
In this study, we have injected CRs at the locations of
shocks, which differs from most previous studies where a
fraction of the total energy is directly injected into CRs at
the same location where SNe energy is injected (see e.g.,
Booth et al. 2013; Salem & Bryan 2014; Butsky & Quinn
2018; Fujita & Mac Low 2018). We find that these two in-
jection methods can affect the morphology of outflowing gas,
which is shown in Fig. 13. Note that, to distinguish these two
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Figure 14. For the fiducial case (M11 galaxy, SFR=1 M yr−1,
along θ = 20◦), density (red curves) and CR pressure fraction
(pcr/(pth + pcr), blue curves) are shown at ≈ 20 Myr in case
of shock injection (solid curves) and central injection (dashed
curves). The outer shock position in these two cases are marked
with two black lines (dashed: central injection, solid: shock injec-
tion) and the shocked gas regions are shown by grey shaded area.
The density jump at the outer shock is higher in case of shock
injection. We also note that pcr/(pth + pcr) is less near the outer
shock position in the central injection case.
methods, we have labelled them by shock injection (as de-
scribed in section 2.5) and central injection (where 20% of
total input energy is injected into CRs within rinj). In addi-
tion to these two methods, we also show a combined case -
central + shock injections.
Fig. 13 shows that outer shock travels a shorter distance
in the shock injection case (panel b) compared to the central
injection case (panel c). For both cases, the reverse shock is
located at a similar location (along z axis, it is located at
≈ 4.5 kpc). However, the gas swept-up by outer shock is
denser in the shock injection model compared to the central
injection model. The reason behind this can be understood
as follows.
• In case of shock injection, the CRs are continuously
injected at the location of shocks, thereby it maintains a
constant CR pressure fraction in the shocked gas region.
Whereas in the central injection case, CR energy in the
shocked gas evolves with time, and we find that the CR en-
ergy is quite high near rinj and also in the shocked wind
region, however, it drops gradually near the outer shock
(thereby it reduces CR pressure gradient w.r.t. the CGM).
It can be seen by comparing solid and dashed blue curves
(representing shock and central injections respectively) in
Fig. 14, which represent the radial distribution of CR pres-
sure fraction at θ = 20◦. Therefore, the leakage of CR energy
from the outer shocked gas to the halo is more effective in
the shock injection case compared to the central injection
case.
• Due to efficient CR diffusion in the shock injection case,
the shocked gas of the outflow gets compressed to a higher
density than the central injection case (compare solid and
dashed red curves in Fig. 14). This effect also enhances the
radiative cooling of the gas, swept-up by outer shock, since
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the cooling rate of the gas ∝ ρ2. As a result, in the shock
injection case, the outer shock travels a shoter distance.
Therefore, both CR diffusion and radiative cooling of the
gas play a crucial role in determining the location of outer
shock.
5.4 Dependence on CR diffusion coefficient
To understand the importance of CR diffusion, we show 2-D
density plots for M11 galaxy, SFR = 1 M yr−1, at ≈ 20
Myr, for three different values of diffusion coefficient (Dcr)
in Fig. 15. We note that the position of the outer shock
decreases with increasing Dcr. This confirms our explanation
that the energy contained within the bubble leaks more with
increasing CR diffusion as described in Section 3.2. This can
also be verified from Fig. 15, right panel, where it shows that
the CR energy within the bubble decreases for higher value
of diffusion coefficient (Dcr).
5.5 Limitations of our work
• A 3D simulation is more favourable to study the mor-
phology of the outflowing gas, however, it is computationally
expensive and a 2D version is unlikely to change the global
dynamical features. We would like to point out that Fujita
& Mac Low (2018) found that the kinematic behaviour of
the outflow in their 3D simulation agrees well with the 2D
version (Fujita et al. 2009). Hence it is expected that our
results will not change in a more realistic 3D simulation.
• The results described here are valid for our assumption
of CR transport mechanism i.e. isotropic diffusion which is
a necessary assumption in CR-hydro simulations. When the
magnetic field is considered, the effect of CR diffusion is
mostly dominated by the choice of the diffusion coefficient
parallel to the magnetic field (k‖) since the diffusion coef-
ficient perpendicular to the magnetic field is much smaller
than k‖. However, given the uncertainty in the value of par-
allel/perpendicular CR diffusion coefficient, the choice of
isotropic diffusion is still a good assumption.
6 SUMMARY
We have performed idealized hydrodynamical (HD) simu-
lation of three galaxies with virial mass 108, 1011 and 1012
M for constant star formation rates 0.1, 1 and 10 M yr−1.
Our aim has been to find the dynamical effects of CRs on
galactic scale outflow of gas in the early evolutionary stage
(6 50 Myr). Hence we have performed two sets of simu-
lations for each case, one, in which thermal pressure alone
drives the outflow (TH runs) and another, in which 20% of
the total pressure at the shocks is attributed to CRs (TH
+ CR runs). Comparing these two sets of simulations, our
results are summarized as follows:
(i) We find that the outflow reaches a shorter distance
when CRs are included in the model compared to purely
thermally driven outflows. The main reason behind this is
the diffusion of CRs out of the bubble (within outer shock,
where CR pressure is high, compared to the halo gas out-
side). We also note that the inclusion of CRs decrease the
value of the effective adiabatic index of the combined fluid
from 5/3 and from the energy conservation it can be shown
that the volume of the outflowing gas is less if it is driven by
CR pressure instead of thermal pressure. This result is more
prominent for higher mass galaxies and higher SFRs. How-
ever, for M8 galaxy, we do not see any difference in the outer
shock position between the runs with and without CRs. This
is because the speed of outflow in this case is few hundred
km s−1, one order of magnitude larger than the escape speed
(∼ 10 km/s) of M8 galaxy. The outflow moves so fast that
the effect of diffusion is not observed in this case.
(ii) The mass loading factor (ratio of the mass outflow
rate to SFR) has been calculated in two ways, one in which
the mass outflow rate is estimated through a plane parallel
to the galactic disk (above and below) and another in which
it has been calculated through a spherical surface. In both
cases, we do not find any significant difference between the
mass loading factors in TH and TH+CR cases. This result
is valid for all the galaxies for all constant SFRs. However,
for higher mass galaxies and lower SFR there is a trend to
show a few negative values in the time evolution of the mass
loading factor owing to the strong gravitational potential of
high mass galaxies.
(iii) We have studied the distribution of gas in different
temperature bins, as well as distribution of gas mass in dif-
ferent density and temperature bins within the simulation
box. We find that the amount of cold gas (∼ 104 K) is more
for models which includes CR. This arises from the fact that
a part of the thermal energy is attributed to CR energy in
TH+CR models, hence the effective temperature of the out-
flowing gas decreases and increases its radiative cooling rate.
(iv) We have investigated the long term evolution of the
outflow by performing a simulation of the fiducial case (M11
galaxy) for a duartion of 210 Myr with periodic star forma-
tion events. After ≈ 160 Myr, we observe that a few high
density and low temperature gas clumps form in TH run,
which are abesnt in TH+CR. We have identified a possible
explanation for the suppression of these clump formation by
the diffusive nature of CRs. Our discussion suggets that the
formation of these clumps and their infall on the galactic
disk can decrease the efficiency of feedback (by enhancing
star formation due to the presence of cold clumps) which is
reported by previous results.
In a nutshell, we found that CRs do not change the dy-
namics of the outflowing gas significantly in the early stage
of galactic outflow (6 50 Myr), however the temperature of
the outflowing gas decreases in the presence of CRs. More-
over, the idealized simulation provided us a suitable plat-
form to study the reason behind the higher efficiency of CR
driven feedback as reported in earlier works.
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APPENDIX A: COOLING BOX
The cooling timescale of the gas in the galactic disk is usually
shorter than the dynamical timescale that has been consid-
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ered in this study. If there is no additional physical process
to increase the energy of the gas then it would lose its ther-
mal energy as time evolves. In reality, the disk gas is heated
by photoionization radiation from stars and its temperature
is maintained at ∼ 104 K. In our simulations, since we do
not include radiation, we keep the temperature of the disk
at ∼ 104 K for all runs. This is achieved by setting a box
within which the cooling is allowed only for the the injected
material (not the disk or halo gas in that region). In order
to choose the width and height of this box, we first estimate
the cooling time scale of the gas by using
τcool =
Eg
ni ne ΛN(T )
≈ 60 Myr
(
T
106K
)(
ρ
10−3 mH cm−3
)−1
(
ΛN
10−22erg cm3 s−1
)−1
(A1)
where ΛN is the normalized cooling rate, T is the gas temper-
ature, and ρ is the gas density. Figure A1 shows the cooling
timescale for M12 and M11 galaxy and also the box within
which the cooling of disk or halo gas is not allowed. The size
of this box is chosen such that the cooling timescale of the
gas beyond the box is longer than our simulation timescale.
For the galaxy with mass 108 M, the disk is expected to
be small and hence we have not considered any box in this
case.
APPENDIX B: CR COOLING
In this study, we have not included CR energy loss. CRs
can lose energy while interacting with matter. However, the
cooling timescale of CRs due to these interactions is longer
than the timescale used in our simulations. For example,
the cooling timescale of CRs due to hadronic and leptonic
interactions (Guo & Oh 2008) is given by
τ crcool =
ecr
7.5× 10−16nHecr
≈ 4× 104Myr
(
ρ
10−3 mH cm−3
)−1
(B1)
which is much longer than our simulation time scale.
APPENDIX C: CONVERGENCE TEST
The resolution used in all our simulations is described in Sec-
tion 2.3. We performed a high resolution run for our fiducial
case (M11 galaxy, SFR = 1 M yr−1, at ≈ 7 Myr). For this
particular run, we use 1024 grid points along r direction and
256 grid points along θ direction. We do not find any quali-
tative difference between the results of these two runs. This
confirms that the resolution used in this study is adequate
for the purpose.
Figure C1. The 2D density plots for M11 galaxy, SFR = 1 M
yr−1 at ≈ 7 Myr show no significant difference in our fiducial
resolution and a higher resolution (see text for details) considered.
Figure D1. Schematic diagram for estimating mass loading fac-
tor analytically.
APPENDIX D: ANALYTICAL ESTIMATION
OF MASS LOADING FACTOR
In this section, we analytically estimate the mass loading
factor for the planar case. For this we choose a plane parallel
to galactic disk (as discussed in Section 3.3) at a height of
z kpc both above and below the disk. The net mass outflow
rate can be considered as the sum of the gas mass flowing
out through the shocked CGM (hereafter shell; M˙shell) and
the shocked wind region (M˙wind). The mass flux carried by
the shell can be estimated as
M˙shell = 2pirsinθ∆rρshvz
= 2piρshvrz∆r
√
1− z
2
r2
(D1)
where r is the position of forward shock and vz is the z
component of the gas velocity, which can be written as vz =
vrcosθ = vr
(
z
r
)
. Here, ρsh is the gas density of the shell which
is taken to be 4 times the ambient gas density assuming
strong shock condition. ∆r is the width of the shell.
Next, to calculate the mass flux carried by the shocked
wind, we define the planar surface to be an integration of
differential area elements dx and dy. Following the geometry
shown in the schematic diagram (Fig. D1), x = OB tanα =
z
cos β
tanα and y = z tanβ. We also have z
r′ = cosα cosβ,
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Figure D2. Comparison of mass loading factor for M11 galaxy,
SFR = 1 M yr−1 between our simulation (red curves) and
analytic method (black curves). The dash-dotted and dash-dot-
dotted curves show mass loading by the shocked gas (M˙shell; see
Eq. D1) and by the wind (M˙wind, see Eq. D2) respectively, and the
black dotted curve represents the total mass loading factor when
the outflow reaches 4 kpc. In the early evolutions, the dash-dot-
dotted curve is below the dash-dotted curve because wind is less
denser compared to shocked-CGM gas until the shell exceeds 4
kpc. The red dashed (TH) and solid (TH+CR) curves show the
mass loading factor calculated from simulation at a height z = 4
kpc.
since in triangle COB, cosα = OB/r′, and in triangle OAB,
OB = (cosβ/z). Therefore dx = (z/ cosβ) sec2 αdα and
dy = z sec2 βdβ. Also, vz = vr cosα cosβ. Hence the mass
flux carried by the wind is given by
M˙wind =
∫ ∫
ρw(r
′)vzdxdy
= 2× 2× M˙inj
4pi
∫ α=cos−1 z
r cos β
α=0
∫ cos−1 z
r
β=0
cosα cosβ
(r′)2
( z
cosβ
sec2α
)(
z sec2 β
)
dαdβ
=
M˙inj
pi
∫ cos−1 z
r
β=0
dβ
∫ α=cos−1 z
r cos β
α=0
cosαdα
=
M˙inj
pi
∫
sin
(
cos−1
z
r cosβ
)
dβ
=
M˙inj
pi
∫ cos−1 z
r
β=0
√
1− z
2
r2 cos2 β
, dβ r > z
=
M˙inj
pi
[
tan−1
( r
z
tanβ√
r2
z2
− 1
√
1− tan2 β
r2
z2
−1
)∣∣∣∣cos−1 zr
0
−z
r
sin−1
( tanβ√
r2
z2
− 1
)∣∣∣∣cos−1 zr
0
]
=
M˙inj
pi
[
[
pi
2
− 0]− z
r
sin−1
( z
r
tan(cos−1 z
r
)√
1− z2
r2
)]
=
M˙inj
pi
[
[
pi
2
− 0]− z
r
sin−1
(√ r2
z2
− 1√
r2
z2
− 1
)]
=
M˙inj
2
(
1− z
r
)
, (D2)
A comparison of analytically estimated mass loading
factor with our simulation for M11 galaxy (SFR = 1 M
yr−1) is shown in Figure D2. The curves show that the time
evolution of mass loading factor in our simulation is quali-
tatively similar to the above analytic estimates, albeit with
some noticeable differences. This is due to various assump-
tions in our analytic calculation, e.g., the morphology of the
outflowing gas (which is assumed as spherical) and shock
jump condition. Moreover, the formation of cold clumps may
increase the mass loading factor and it is difficult to include
all these in analytical calculations self-consistently.
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